Tantalum (Ta) metal films (10-70 nm) were deposited on a Si(100) substrate with a 500 nm silicon dioxide (SiO 2 ) interlayer by ion-beamassisted sputtering. The as-deposited films have been characterized by X-ray diffraction (XRD) and X-ray reflectivity (XRR) techniques. XRD measurements showed the presence of films of the tetragonal phase of tantalum (h-Ta) oriented along the (00l) plane. XRR measurements indicated the presence of graded Ta films, with a thin interface layer between the 500 nm SiO 2 layer and the Ta films. The thickness and density of this interface layer was estimated to be 1.9F0.2 nm and 10.5F0.5 g/cm 3 , respectively. X-ray photoelectron spectroscopy (XPS) was used to probe the chemical composition of this interface layer. XPS investigative studies indicated that the interface was likely composed of tantalum silicide (TaSi 2 ) and tantalum silicate (TaSiO x ). However, the TaSiO x layer was reduced during Ar ion sputter depth profile analysis. D
Introduction
Currently, copper metallization is being extensively utilized as an interconnect for Ultra Large Scale Integration (ULSI) applications. However, an underlying layer is necessary for the adhesion of Cu to dielectrics, and more importantly, as a diffusion barrier against the migration of copper ions through the dielectric layer [1] . Tantalum (Ta) metal and Ta-N intermetallics are being used for Cu adhesion and as diffusion barriers. The texture and grain structure of Cu films has been shown to affect the electromigration lifetime of Cu interconnects [2] with that of (111) oriented Cu about four times longer than that of (200) oriented Cu [2] . It has been shown that the growth of Cu(111) is preferred on hTa films oriented along (002) crystallographic planes [3] .
Despite these and other studies devoted to h-Ta [4] [5] [6] [7] [8] , the growth mechanism of oriented h-Ta is not clear. There is sufficient lack of information on the related properties of oriented h-Ta/silicon dioxide (SiO 2 ) and the h-Ta/Si interface. In the present paper, the dual ion beam sputtering deposition technique was used to deposit 10-70 nm tantalum films on Si substrates with a pre-deposited 500 nm SiO 2 layer. X-ray diffraction (XRD), X-ray reflectivity (XRR) and X-ray photoelectron spectroscopy (XPS) techniques were used to investigate the structural and chemical properties of tantalum metal thin films and their interface with the underlying SiO 2 film.
Experimental procedure
Films of Ta metal and SiO 2 were deposited using a dual ion beam sputtering deposition technique (Spector IBD system, Veeco) [9] . Ta films (10, 30 and 70 nm) were deposited on the Si (100) substrate pre-coated with a 500 nm SiO 2 layer interlayer. A deposition rate of 0.24 nm/s was achieved using deposition source ion energy of 1250 eV. Base pressure was less than 10 À3 Pa and chamber temper- ature was~115 8C. Argon flow rate was held at 36 sccm. XRD and XRR measurements were performed using a Bruker D-8 Discover instrument using Cu K a radiation (E=8041.3 eV). XPS measurements were performed using a Physical Electronics ESCA 5800 system. Monochromatic Al K a (E=1486.6 eV), was employed as an X-ray source. The high-resolution XPS scans for chemical state identification were carried out using pass energy of 23.5 eV and step size of 0.1 eV. More details for experimental procedure have been published elsewhere [10, 11] .
Results
The XRD patterns ( Fig. 1 ) of as-deposited 10-70 nm tantalum films indicated the presence of the tetragonal Ta phase (h-Ta) [12] with preferred orientation along (00l). The absence of diffraction peaks other than Ta (002), (004) and (006) indicated the presence of strong texture in these as-deposited films. The Si (400) peak overlapped with (004) reflection from h-Ta. The XRD data from the 10 nm Ta film had a low signal to the noise ratio; however, the Ta (002) peak could be clearly seen. While a peak for tetragonal TaO 2 [13] oriented along (200) could be identified, several other peaks could not even after a thorough scan of the ICDD database for reasonable Ta compounds. The low signal to the noise ratio could be responsible for phase-identification failure. In our asdeposited films, we did not observe any diffraction peaks for the crystalline phases for tantalum oxide, tantalum silicide (TaSi 2 ) or tantalum silicate (TaSiO x ) phases. Fig. 2 shows the experimental XRR curves for the asdeposited films. The thickness of SiO 2 was independently verified using spectroscopic ellipsometry and was estimated to be 514 nm. At this thickness, the spacing between the Kiessig [14, 15] fringes (used for estimating the thickness) in the XRR curves becomes difficult to resolve; thus the thickness determination was not practically possible. The simulated XRR curve for the 500 nm SiO 2 deposited on Si substrate for Cu K a radiation using public domain software is shown as inset in Fig. 2 for the sake of comparison 1 [16] Consequently, for the simulation of our XRR curves, the thickness of the SiO 2 film was initially fixed at values obtained from ellipsometry data and any variations in thickness of this layer were ignored. XRR curves for Ta films could not be simulated without the introduction of a thin interface layer between Ta and SiO 2 layers. The results for the thickness and density of Ta are tabulated in Table 1 . The thickness and density of this interface layer was found to be 1.9F0.2 nm and 10.5F0.5 g/ cm 3 , respectively. Prior to XPS analysis, the adventitious carbon and the native oxide layer on the surface of metal films were removed by Ar ion sputtering to expose the underlying clean surface. Only Ta metal peaks could be seen in the survey XPS spectra of the films deposited on Si substrate with a 500 nm SiO 2 interlayer. XPS Ar ion sputter depth profile analysis was performed on 10-70 nm films. Fig. 3 shows the representative depth profile analysis for the 10 (400) is not visible in the XRD spectra for 70 nm due to low signal from Si(400) peak relative to Ta(002). nm Ta film deposited on the Si substrate with a 500 nm SiO 2 interlayer. The presence of oxygen during the start of the sputter profile curves was attributed to the presence of the native oxide layer present at the surface of the tantalum metal film. The appearance of silicon and oxygen peaks after about 4 min of sputtering were attributed to the SiO 2 interlayer. In order to investigate the chemical composition of the interface, detailed analysis of Ta 4f, Si 2p and O 1s spectra after 3-5 min of sputtering was carried out.
The Ta 4f peak fitted spectra after 4.0 min of sputtering showed the presence of metallic Ta 4f 5/2 and 4f 7/2 peaks; 1.91 eV separates the Ta 4f 5/2 and Ta 4f 7/2 in energy while the peak area ratio of 3:4 is expected [17] . These constraints were used in the peak profile modeling. In the absence of the C 1s peak in our spectra, the binding energies of all the elements were normalized against the binding energy of the metallic Ta 4f 7/2 peak that was fixed at 21.64 eV [18, 19] . The fitted Ta 4f XPS spectra after 5 min of sputtering (Fig. 5 ) indicated the presence of additional peaks centered at 26.7 eV (Ta 4f 7/2 ) and 28.5 eV (Ta 4f 5/2 ). These peaks could be attributed to the oxide phase of tantalum [19] and were treated with the assumed area ratio of 3:4 as before.
The high-resolution fitted spectra for Si 2p peaks are shown in Fig. 4 . As seen in the figure, the Si 2p peaks centered on a binding energy of 98.4F0.2 and 103.4F0.2 eV could be seen in all the spectra. The average peak separation between the two peaks remained constant over this sputtering interval (3-5 min) and was found to be 5.0F0.2 eV. Finally, O 1s spectra exhibited the presence of peaks centered on 530.5F0.1 and 531.8F0.3 eV. The average peak separation between the two peaks was found to be 1.3F0.3 eV. Peak positions for different elemental species after 3-5 min of sputtering interval are shown in Table 2 .
Discussion
Oriented h-Ta films were deposited on Si(100) substrates over a 500 nm SiO 2 interlayer. Formation of tetragonal TaO 2 oriented along (200) in the 10 nm Ta film was possibly due to the surface oxidized oriented h-Ta. The thicknesses of the Ta films were estimated by XRR. While the density of the 70 nm Ta film was similar to the bulk density of Ta metal 3 ), the density values for 10 and 30 nm were lower than those reported in literature. This could be due to the increased presence of voids in the 10 and 30 nm films. The presence of a low-density top layer in the simulated film structure could be attributed to the presence of native oxides and surface roughness. However, the low-density layer below the Ta metal film was attributed to the interface layer between the Ta metal and SiO 2 layer. The density of the surface layer for the 70 nm Ta film was considerably lower than those for 10 and 30 nm films. This was possibly due to the increased surface roughness associated with the 70 nm film. Assuming additional Ta metal films with similar densities fit the experimental reflectivity curves better. We considered this to be indicative of graded Ta film.
High-resolution XPS depth profile analysis for 10 nm Ta films (Table 2) shows the presence of Si 2p peaks centered on 98.4F0.2 eV and 103.4F0.2 eV and O 1s peaks centered on 530.5F0.1 and 531.8F0.3 eV. The oxide phase of tantalum could only be observed in sample sputtered for 5 min. The accepted binding energy value for elemental Si 2p 3/2 is 99.79 eV [20] and that for fully oxidized SiO 2 (Si 4+ ) is~103.5 eV. It has been reported recently that in case of the formation of tantalum silicide (TaSi 2 ) the Si 2p peaks were shifted towards lower energies as compared to bulk elemental silicon and the Ta 4f peak was shifted towards higher binding energy by 0.5 eV as compared to the metallic tantalum [21] . We did not observe any Ta 4f peaks for TaSi 2 shifted towards higher energies. The absence of this shifted Ta 4f peak could possibly be due to an overwhelming contribution by metallic Ta 4f peak to the signal. Therefore, it seems that the TaSi 2 phase was formed at the h-Ta/SiO 2 interface, as evidenced by the presence of Si 2p peaks shifted towards lower energies as compared to bulk elemental silicon.
The peak at 103.4 eV was attributed to the SiO 2 layer under the tantalum film. The presence of higher binding O 1s peak around 531.8 eV is likely due to SiO 2 . The peak seen at lower binding energy of 530.5 eV is usually associated with tantalum oxide [19] and tantalum silicate [22] . The formation of TaSiO x is usually indicated by the presence of Si 2p peak at 102.1 eV, Ta 4f 7/2 at 26.2 eV [22] (see also Refs. [1, 6, 17, 18] in Ref. [22] ). The peaks for tantalum oxide could only be seen in films sputtered for 5 min. The chemical states associated with this lower binding energy O 1s peak are not clear at this stage. XPS results for 30 and 70 nm Ta film were similar to the results for 10 nm Ta film. b FWHM-width of the peak component at one half its height, in electronvolts. Despite the results indicating the presence of TaSi 2 at the interface, it must be noted that TaSi 2 could also be formed during the XPS depth profiling using Ar ions [23] . Also, our XPS depth profile analysis also did not indicate the formation of TaSiO x that is typically confirmed by the presence of a Si 2p peak at 102.1 eV, a Ta 4f at 26.2 eV and a O 1s peak at 530.6 eV [22] . Preferential sputtering in films with heavy metals is a common problem; hence, it is quite possible that the TaSiO x phase was reduced during sputter depth profiling. In order to conclusively establish silicide and silicate formation at the interface, it was necessary to probe the film interface without using Ar ion sputter process.
Because XPS is a surface sensitive technique, the XPS signals originate from the top few nanometers of sample. The inelastic mean free path (IMFP) has been defined as the average of the distances, measured along the trajectories, that particles with a given energy travel between inelastic collisions in a substance [24, 25] . The estimated value of IMFP for Ta metal, at energies corresponding to Al Ka Xrays is 1.88 nm [26] . Hence, in order to evaluate the interface without sputter depth profile analysis, Ta metal films with thickness of the order of 1.0-1.5 nm were deposited under conditions similar to our 10-70 nm Ta metal films.
The presence of the Si 2p peak in the survey XPS spectra for the 1.0-1.5 nm Ta metal film clearly established the fact that we were able to look into the interface below the tantalum metal film without sputtering the metal surface. Si 2p, Ta 4f and O 1s high-resolution XPS spectra are shown in Fig. 5 . The binding energies of all the elements were normalized against the binding energy of C 1s peak that was fixed at 284.8 eV. Si 2p spectra showed the presence of peaks at 98.3 eV, 102.0 eV and 103.5 eV. The fitted O 1s spectra showed the presence of peaks at 530.6 eV and 532.1 eV. The fitted Ta 4f spectra showed the presence of metallic and oxidized tantalum films, along with a contribution from silicide and silicate phases. Since the oxidized tantalum was likely due to the presence of native oxide layer present on the surface of the metallic tantalum, the concentration of oxidized tantalum in the Ta 4f spectra was relatively high. The Ta 4f 7/2 peak positions for tantalum metal and Ta 2 O 5 reported in NIST database are 21.7F0.2 and 26.5F0.5 eV, respectively, while O 1s binding energy for Ta 2 O 5 is 530.3F0.5 eV [19] . The fitted peak parameters and their possible chemical states are presented in Table 3 . A detailed comparison of our data with those reported in literature [19, 21, 22] established that the as-formed h-Ta/SiO 2 interface was comprised of tantalum silicate and silicide phases. This interface was reduced during sputter depth profile analysis using Ar ions, as a result of which the tantalum silicate phase could not be observed during the sputter depth profile XPS analysis.
Conclusions
Ion-beam sputter deposited 10-70 nm h-Ta metal films oriented along (00l) were deposited on Si (100) substrate with a 500 nm SiO 2 interlayer. Simulated XRR curves indicate the presence of a 1.9F0.2 nm interface layer with a density of 10.5F0.5 g/cm 3 , lying between the graded tantalum metal and SiO 2 interlayer. XPS investigations indicate that the interface was composed of TaSi 2 , TaSiO x , SiO 2 and Ta 2 O 5 . Moreover, the TaSiO x layer was reduced during sputter depth profile analysis using Ar ions. 
